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ABSTRACT
Large scale refrigeration systems are used in many chemical processes to provide cold utilities which are essential in
different stages of these processes. These refrigeration systems are great energy consumers and the costs of the
compression and condensation processes have a significant impact on the cost of the final products. Therefore, it is
very important that these refrigeration cycles operate in an optimized way, in order to reduce production costs. This
work presents a study that combines an alternative cycle with a mixture refrigerant of low GWP, presenting a
parametric analysis of some operating variables in a vapor injection refrigeration cycle with a flash tank (FTVI)
using mixture refrigerant NH3/CO2, analyzing the influence of refrigerant mixture composition over the
thermodynamic performance of this cycle, evaluating COP and also the refrigerant mass flow rate necessary to
provide a cooling rate of 1 kW at the evaporator of the cycle. In this parametric analysis, the following operating
variables were analyzed as a function of mixed refrigerant composition (wt%) and expansion ratio in the upper-stage
valve: COP; compressor power; refrigerant mass flow rate; refrigerant temperature glide; mass flow ratio between
vapor and feed streams in the flash tank; mass composition of liquid and vapor outlet streams from the flash tank
and compression ratio. A basic vapor compression (VC) cycle was analyzed as well, by means of comparison. A
mixture refrigerant NH3/CO2 gives a maximum COP at 30 wt% of NH3. Considering the expansion ratio in the
upper-stage valve, it was verified that in the range of maximum COP the expansion ratio of 50% presents a slightly
better COP. FTVI cycles present COPs that are 10 to 45% greater than the ones of the VC cycle, depending on the
composition of mixture refrigerant and expansion ratio used.

1. INTRODUCTION
Many industrial chemical processes use cold utilities for different purposes, like: separation of gases, temperature
control in chemical reactors, dehumidification of air, recovery of solvents, cooling process streams in heat
exchangers. These cold utilities are provided by large scale refrigeration systems which are great energy consumers
and because of that, new technologies and new refrigerants have been studied, seeking for a better thermodynamic
and environmental performance for these refrigeration cycles. Some of the alternative cycles that have been studied
aiming at a better thermodynamic performance are: ejector refrigeration, cascade and refrigerant injection systems
and when considering new refrigerants, those who present a reduced environmental impact, with low ODP (ozone
depleting potential), low GWP (global warming potential) and also low TEWI (total equivalent warming impact) are
preferable.
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One interesting alternative when looking for refrigerants with a better performance is the use of mixed refrigerants
(with two or more components) since they provide an opportunity to adjust some desirable properties to obtain a
final fluid for some specific application with acceptable environmental metrics. As an answer to replace CFCs and
HCFCs refrigerants, which have high ODP and GWP, some hydrofluorocarbon (HFC), natural refrigerants (like
hydrocarbons and inorganic components) and most recently hydrofluoroolefin (HFO) have been tested because of
their shorter atmospheric lifetimes when compared to CFCs, being largely destroyed in the lower atmosphere by
reaction with OH radicals(Wallington et al., 2010).
The objective of this work is to perform a parametric analysis of some operating variables in a vapor injection
refrigeration system with a flash tank (FTVI) using a mixture refrigerant of NH3 (R717) and CO2 (R744), which are
natural refrigerants, to evaluate the thermodynamic performance of the cycle, looking for optimized operation based
mainly on COP, refrigerant mass flow and refrigerant temperature glide. This parametric analysis was performed as
a function of the mass composition of the mixture refrigerant and the expansion ratio at the upper-stage valve.

2. LITERATURE REVIEW
2.1 Refrigerant injection systems

The technique of refrigerant injection consists basically in injecting the refrigerant from the condenser outlet to the
suction line of the compressor or to its sealed pocket. Doing this it is possible to improve the cooling/heating
capacity keeping the same stroke volume of the compressor (Xu and Radermacher, 2011). A review of refrigerant
injection for heat pumping and air conditioning systems was presented by Xu and Radermacher (2011), discussing
the challenges of this technique, which can be classified into two types: liquid or vapor refrigerant injection. This
last one has typically two different configurations: flash tank vapor injection (FTVI) and vapor injection with an
internal heat exchanger (IHX).
Wang et al. (2009) have used R410a and concluded that the FTVI and IHX configurations have shown a comparable
performance improvement and Mathison et al. (2011) stated that FTVI and IHX configurations present identical
performance only when the heat exchanger has an effectiveness of 100%, which cannot be achieve in practical
applications, so the FTVI provides greater potential for performance improvements, despite the fact that IHX
configuration is easier to control. Ma and Zhao (2008) have proved experimentally that the FVTI has a better
performance with a COP 4.3% higher than the one for IHX configuration.
A study about the potential benefits of saturation cycle with two-phase refrigerant injection was presented by Lee et
al. (2013), performing simulations for single and multi-stages systems, using 12 pure refrigerants and 2 refrigerant
mixtures, concluding that there is a significant improvement in the cooling and heating capacities and a reduction in
the compressor work, when comparing with the basic vapor compression cycle. Many other authors (Lee et al.,
2013, Xu et al., 2013 and Cho et al., 2009) have studied systems involving FTVI, using experimental and/or
theoretical approaches, for both cooling and heating applications.

2.2. Mixture refrigerant NH3/CO2

A review of the next generation of refrigerants evaluating their progression was performed by Calm (2008) and is
presented in Fig. 1. Considering the main refrigerants used in industrial, commercial and domestic applications, the
sequence of substitutions may be summarized as: R12 was replaced by R22 or R134a, then some studies to replace
these refrigerants using for example R410a (which is a HFC zeotropic mixture of R32 and R125) have been
performed, and more recently the use of some natural refrigerants (R717-NH3, R744-CO2, R290-C3H8, R600-C4H10
and R600a-iC4H10) and hydrofluoroolefins – HFO’s (e.g. R1234yf), because of their low GWP and zero ODP.
Mixture refrigerant NH3/CO2 is a natural non-azeotropic refrigerant mixture (NARM). Kruse (1981) discussed the
following advantages of using NARM’s in heat pumps in comparison with conventional refrigerants: energetic
improvements by using sliding temperatures during condensing and evaporation processes; extension of the
application limits offering great adaptability regard to capacity, pressure and temperature levels and continuous
capacity control by changing the mixture composition (Miyara et al., 1992).
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Figure 1: Progression of refrigerants (adapted from Calm, 2008)
The use of mixture refrigerants is not a new technological achievement. Attempts to use a mixture of working
substances in a refrigeration cycle were done by Pictet in 1888 (Stoecker and Walukas, 1981). But looking for new
refrigerants (pure or mixtures), after the establishment of the Kyoto and Montreal Protocols, hydrocarbons and other
natural refrigerants have gained some attention. Ammonia and carbon dioxide have been used as pure refrigerants in
many refrigeration systems, specially the traditional vapor compression ones. In 2015 during the 6th Ammonia and
CO2 Refrigeration Technologies Conference (Ciconkov, 2016), the importance of these refrigerants was discussed,
with focus on the phase-in of natural refrigerants.
McLinden et al. (2014) pointed out some alternative refrigerants with low-GWP that could be used to substitute the
traditional ones, which should gather the following desired properties, besides low-GWP: stability within the
refrigeration system and a short atmospheric lifetime (related to GWP and ODP), low flammability and toxicity,
compatibility with the materials of construction. Another important criterion is that the refrigerant should have a
critical temperature between 300 K and 400 K. These authors presented a table containing 62 compounds that are
potential candidates to substitute CFCs and other environmental harmful refrigerants. Considering the compounds
listed in this table, the only inorganic ones were ammonia and carbon dioxide.
Despite the fact that pure NH3 and CO 2 are traditional refrigerants used in many refrigeration systems, studies
involving a mixture refrigerant of these two components were not found in the literature. Messineo (2102)
presented a study of R744-R717 cascade refrigeration where ammonia was used in the high-temperature circuit and
carbon dioxide in the low-temperature one, but they were used as pure components. Recently, Mosaffa et al. (2016)
presented an exergoeconomic and environmental analyses of NH3/CO2cascade refrigeration systems equipped with
different types of flash tank intercoolers, also using ammonia in the high-temperature circuit and carbon dioxide in
the low-temperature circuit.
Since the vapor injection refrigeration system with a flash tank involves phase equilibrium between the components
in the flash tank, equilibrium data for the system NH3/CO2 are necessary to check the simulations. In the literature,
only three works dealing with bubble point measurements and phase-equilibrium behavior for the system NH 3/CO2
were found (Lemkowitz et al., 1971; Lemkowitz et al., 1972 and Lemkowitz et al., 1980). The greatest problem of
systems containing NH3/CO2 is the possibility of forming ammonium carbamate. This may represent a constraint for
refrigeration cycles operating with this mixture refrigerant. There is another disadvantage of using this mixture,
which is the great difference of critical temperature between the compounds. Depending on the operating conditions
of the cycle, CO2 can easily reach temperatures above its critical point and this may be a problem, besides
ammonium carbamate generation, for practical applications of this mixture refrigerant. Nevertheless it is worthwhile
to evaluate the thermodynamic performance of a FTVI system using mixture NH3/CO2 in order to evaluate its
potential as an alternative cycle using a low-GWP inorganic blend refrigerant.
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3. METHODOLOGY
3.1 Cycle description

The schematic diagram of the cycle is presented in Figure 2 and a short description of the cycle is as follows
(numbers in parentheses refer to process streams):

Figure 2: Schematic of the vapor injection refrigeration cycle with a flash tank and its P-h diagram
Mixed refrigerant as saturated vapor (#1) is injected in the first stage of the compressor at low pressure and is
compressed isentropically until an intermediate pressure, producing a stream of superheated vapor (#2). The
pressure of stream #1 is elevated to the same pressure of the vapor stream from the flash tank (#9). Stream #9 is
injected in the compressor and mixed with stream #2 in an inner chamber, generating a stream #3, which is
compressed in a second stage of the compressor, increasing its pressure even more, generating the compressor
discharge stream (#4) that flows through the condenser. A saturated liquid stream (#5) leaves the condenser and
feeds the upper-stage expansion valve. At the outlet of this valve, a two-phase stream (#6) is formed and then the
phases are separated into vapor (#9) and liquid (#7) at equilibrium in the flash tank. The liquid phase (#7) goes
through the lower-stage expansion valve, generating another two-phase stream (#8) that circulates through the
evaporator, leaving as saturated vapor (#1), closing the cycle. Due to the use of the flash tank, the liquid that enters
the evaporator will have a lower enthalpy when compared with a single-stage cycle, causing a higher enthalpy
variation in the evaporator, reducing refrigerant mass flow rate, when considering a fixed cooling capacity. A basic
vapor compression cycle (VCC) with four components (condenser, expansion valve, evaporator and compressor)
was also simulated in order to compare the results obtained with the FTVI cycle. Comparing the VCC with the one
presented in Figure 2 only streams #1, #4, #5 and #8 are present.

3.2 Modeling

A simulation representing the cycle described in Figure 2 was developed using a process simulator and the
thermodynamic package chosen was the PRSV (Peng-Robinson-Stryjek-Vera) equation of state which is adequate
for the ammonia-carbon dioxide system.
The following assumptions were adopted for the model and applied to both refrigeration cycles (FTVI and VCC):
the system is operating at steady state, no fluctuations of any operating variable is considered; pressure drop is
neglected in heat exchangers and also in the flash tank; variation of kinetic and potential energies in all equipment
are neglected; all equipment are adiabatic, including the flash tank, with no heat losses to the environment;
condenser outlet stream is saturated liquid (for all the composition range of the refrigerant); evaporator outlet stream
is saturated vapor (for all the composition range of the refrigerant); streams (vapor and liquid) leaving the flash tank
are in equilibrium at the same pressure and temperature; a thermal load of 1 kW was assumed to be the cooling
capacity of the evaporator, in order to allow easier scale changes, depending on the application; compressor (both
stages) are considered isentropic; expansion process in valves is isenthalpic.
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For the performance analysis of the refrigeration cycle studied, working with a fixed cooling capacity of 1 kW and
using the developed model, two basic variables were chosen as inputs. The first one was the expansion ratio (ER) in
the upper-stage valve, which generates a two-phase stream (#6) using three different levels of expansion: 30%, 50%
and 70%. The ER is defined in equation (1) as:
 P P 
ER  %    5 6  100
 P5 

(1)

The second input variable was the composition, in wt% of NH3 of the mixture refrigerant in the condenser outlet
stream. The simulated model was used to evaluate the influence of these two basic variables over the following
outputs: COP, required compressor power (both stages); mass flow ratio between vapor and feed streams in the flash
tank (V/F); mass fraction of NH3 components in liquid and vapor outlet streams from flash tank (x and y);
refrigerant mass flow rate at stream #5; refrigerant temperature glide (RTG) in both condenser and evaporator and
compression ratio (CR) in the compressor. These variables were calculated by the following equations:
Qevap
COP 
(2)
WS1  WS 2
Qevap (kW)  m1  h1  h8 

(3)

WS1  kW   m1  h2  h1 

(4)

WS 2  kW   m3  h4  h3 

(5)

m3  m2  m9

(6)

Wtotal  WS 1  WS 2
V m9

F m6

(7)

mass of component i
total mass of liquid stream
mass of component i
yi 
total mass of vapor stream
xi 

RTG  Tsat _ vap  Tsat _ liq
CR 

P4
P1

(8)
(9)
(10)
(11)
(12)

The refrigerant temperature glide (RTG) is defined as the temperature difference between the onset of the phase
change and its completion and a larger RTG can improve the COP of mixtures when compared to pure fluids
(McLinden and Radermacher, 1987). To analyze the performance of the FTVI cycle using mixture refrigerant, two
fixed characteristic refrigerant temperatures were chosen: evaporator inlet temperature, #8 (249.85 K or -23.3 oC)
and temperature of saturated vapor in the condenser (327.55 K or 54.4 oC). These values were defined based on the
AHSRAE standard single point condition used for rating refrigerator/freezer compressors, because there is a great
number of studies that have used these temperatures and also because of their common use in standard tests
performed by compressors manufacturers, especially the ones which are suitable for industrial applications.
Considering the definition of RTG and the choice of fixed temperatures, RTG was calculated using equation (13) for
the evaporator and equation (14) for the condenser.

RTGevap  Tsat _ vap  at P8   Tsat _ liq  at P8 

(13)

RTGcond  54.4 C  Tsat _ liq  at P5 

(14)

o

3.3 Model validation

Since no works were found in the literature dealing with FTVI cycles using mixture refrigerant NH 3/CO2 a direct
validation of the model was not possible. Nevertheless, a careful validation of the process simulator applied to a
FTVI cycle using mixture refrigerant R290/R600a was performed by d'Angelo et al. (2016), showing good
agreement with experimental and simulated data. Table 1 shows a comparison between data from Mclinden et al.
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(2014) and from the process simulator databank, for some major thermodynamic properties. The binary interaction
parameter (kij) for the pair NH3/CO2, which is an essential parameter to obtain thermodynamic properties of
mixtures, was not found in the literature and it was considered to be zero in the simulations.
Table 1: Summary of some works involving mixture refrigerant R290/R600a
Component

GWP

Ammonia
Carbon dioxide

< 1.0
1.0

Tcritical (K)
(a)
(b)
405.4 405.6
304.1 304.1

Pcritical (MPa)
(a)
(b)
11.33
11.28
7.38
7.37

Acentric factor
(a)
(b)
0.25500 0.25500
0.23894 0.23890

Sources: (a) McLinden et al. (2014), (b) process simulator databank.

4. RESULTS AND DISCUSSION
In the following figures, the analyses of all variables are performed as a function of NH3 mass fraction (from 0 to
100%) in stream #5 (in wt%) and also as a function of the different levels (30%, 50% and 70%) of the expansion
ratio in the upper-stage valve.
Figure 3a shows the RTG in the evaporator and Figure 3b in the condenser. For pure CO 2 it is not possible to obtain
saturated vapor at 54.4 oC inside the condenser, which is one of the fixed temperatures chosen, so this is why there
are no results for pure CO2 in the following and next figures and the analyses were limited to the range from 10 to
100 wt% of NH3. The ER does not affect the RTG in the condenser.
As can be seen in Figures 3a and 3b, RTG for the system NH 3/CO2 can reach high values, above 30 oC in the
evaporator and above 20 oC in the condenser, depending on the composition of the mixture refrigerant and the ER.
For this system using a mixture refrigerant of R290/R600a (d'Angelo et al., 2016), these values are lower than 10
o
C. For the FTVI cycle, the highest RTG is obtained around 30-40 wt% of NH3. These results, considering only a
theoretical approach, are very promising from the point of view of heat transfer in this equipment.

(a)

(b)

Figure 3: Refrigerant glide temperature (in K) at the evaporator (a) and condenser (b) as a function of NH3 wt% in
stream #5 and for different ER(%) in the upper-stage valve
Figure 4 shows the behavior for the COP. A maximum value is attained at an ER of 50%, around 30 wt% of NH 3,
which is the same behavior observed by d'Angelo et al. (2016) for R290/R600a, but in this work it was possible to
obtain a COP around 3.80, while for R290/R600a COP is no greater than 2.85. COP and RTG together show that
from a thermodynamical point of view, the system NH 3/CO2 presents some important advantages, but it is necessary
to evaluate its technical and economical feasibility.
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Figure 4: COP for FTVI and VCC as a function of
NH3 wt% in stream #5 and for different ER(%) in the
upper-stage valve

Figure 5: Mixture refrigerant mass flow rate in
stream e #5 (kg.s-1) for FTVI and VCC cycles as a
function of NH3 wt% in stream #5 and for different
ER(%) in the upper-stage valve

Considering now the mass flow rate of the mixture refrigerant, it can be seen in Figure 5 that the mass flow rate
increases with the concentration of carbon dioxide and that the addition of ammonia decreases significantly this
mass flow rate. No difference in this variable was observed between the FTVI and VCC cycles and it is also not a
function of the expansion ratio. Because ammonia is a fluid with a boiling point higher than carbon dioxide, it is
possible to reduce the mass flow rate of the refrigerant because more latent heat can be absorbed by ammonia.

Figure 6: Compressor power (total, S1-stage 1 and S2stage 2) as a function of NH3 wt% in stream #5 and for
different ER(%) in the upper-stage valve

Figure 7: Mass flow ratio between vapor phase (V,
stream #9) and flash feed stream (#6) as a function
of NH3 wt% in stream #5 and for different ER(%)
in the upper-stage valve

The power consumption in the compressor (both stages) and the power distribution between these stages was
analyzed as well and the results are show in Figure 6. Maximum power consumption was observed for the mixture
containing 10 wt% of NH3. Increasing ammonia content total compressor power decreases to a minimum at the
same region of maximum COP, since thermal load in the evaporator is kept constant, this was expected and then it
increases again. This increase in total power consumption is due to the first stage only, since compressor power in
the second stage does not vary with increasing ammonia mass fraction. This is due the separation that occurs in the
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flash tank, which can be checked in Figure 7 where the relation V/F is plotted as a function of mixture refrigerant
composition. If the vapor phase mass flow rate decreases with increasing ammonia concentration, what is due to the
fact that CO 2 is more volatile than NH3, the first compression stage will receive a greater mass flow rate and then it
will be required more power in the first stage (see Figure 6). So if one intends to obtain a better distribution of power
consumption between the two compression stages, it will be interesting to operate within the range from 30 to 40
wt% of NH3.
Not only the distribution of the phases in the flash tank is important, because it affects the power consumption in the
compressor, but also the distribution of the refrigerants between the phases at equilibrium, since the composition of
these phases affects directly the RTG in the evaporator and then the heat exchange process. Figure 8 shows the
component mass fraction in liquid (xi) and vapor (yi) phases. It is possible to observe that the composition of vapor
phase was not significantly affected by the expansion ratio in the upper-stage valve, while the liquid phase
composition is more influenced by the expansion ratio. As the ER rises, pressure decreases in the flash tank and
concentration of ammonia increases in the liquid phase, because CO 2 is more volatile and at low pressures there will
be more CO2 in the vapor phase. Since Figure 8 shows that the concentration of NH3 in the vapor phase does not
alters with the ER, if the quantity of CO 2 increases at low pressures, the only way to keep the concentration of NH3
independent from ER is to evaporate more ammonia and this is why the concentration of NH 3 decreases with
increasing ER.

Figure 8: NH3 mass fraction in vapor (y) and liquid (x) phases flash tank outlet streams as a function of NH3 mass
fraction (wt%) in stream #5 and for different ER(%) in the upper-stage valve
Figures 9 presents the values for pressures in streams #5 and #6 as a function of NH3 mass fraction in stream #5
(pressure for stream #6 is also a function of ER) and Figure 10 presents the compression ratio, calculated by
equation (12). Despite temperature of saturated vapor is fixed in the condenser, pressure is not constant since it is a
function of composition, so compression ratio varies. In the range of maximum COP (30-40 wt% NH3) P5 is reduced
significantly when compared to the one at 10 wt% and the compression ratio reaches a minimum at 30 wt%. For the
system R290/R600a, d'Angelo et al. (2016) have found similar pressures for streams #5 and #6 but the compression
ratio is greater (around 9) at the range of maximum COP, so this may represent an advantage of the NH3/CO2 system
as well.

5. CONCLUSIONS
In this work the performance of a vapor injection refrigeration cycle with a flash tank, using a mixture refrigerant
NH3/CO2 was investigated as a function of the refrigerant composition and expansion ratio in the upper-stage valve.
Some operating variables, related to the performance of the cycle were evaluated. Maximum COP was obtained for
a mixture with 30 wt% of NH3 operating with an expansion ratio of 50%. FTVI cycles present COPs that are 10 to
45% greater than the ones of a similar vapor compression cycle, depending on the composition of mixture
refrigerant and expansion ratio used.
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Figure 9: Pressure in streams #5 and #6 as a function
of NH3 wt% in stream #5 and for different ER(%) in
the upper-stage valve

Figure 10: Compression ratio as a function of NH3
wt% in stream #5 and for different ER(%) in the
upper-stage valve

Simulations have showed that the refrigerant temperature glide for the system NH3/CO2 can reach high values,
above 30 oC in the evaporator and above 20 oC These results, considering only a theoretical approach, are very
promising from the point of view of heat transfer.
Systems containing NH3/CO2 present the possibility of forming ammonium carbamate, which would not be desired
for the refrigeration system. In general, to avoid the formation of this compound, a ternary system with the addition
of water is used, but for a FTVI application this system cannot be used. Another disadvantage of a NH 3/CO2 system
is the great difference of the critical temperature of the compounds. CO 2 can easily operate in a transcritical region
and this may represent some limitations to the cycle. Technical and economical constraints must be considered when
trying to use this mixture refrigerant for practical applications.
Nevertheless, since no studies involving FTVI using this NH 3/CO2 were found in the open literature, this work may
represent a contribution for a preliminary analysis of its performance to evaluate the potential of an alternative cycle
operating with a low-GWP inorganic blend refrigerant.
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